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We investigate angular correlations in multi-jet final states at high-energy colliders and
discuss their sensitivity to initial-state showering effects, including QCD coherence and
corrections to collinear ordering [1].
Presented at the Workshop DIS08, University College London, April 2008
Events with multiple hadronic jets are central to many aspects of the LHC physics
program and their analysis will require realistic Monte Carlo simulations. See e.g. [2]. In
a multi-jet event the correlation in the azimuthal angle ∆φ, defined to be between the two
hardest jets, provides a useful measurement, sensitive to how well QCD multiple-radiation
effects are described, and has been used to tune shower Monte Carlo event generators [3].
The Tevatron ∆φ measurements [4] admit a reasonable description by Monte Carlo, see
Herwig and Pythia results in Fig. 1 [4]. In particular the data are sensitive to initial-state
showering parameters and have been used for re-tuning of these parameters in Pythia [3].
On the other hand, the HERA∆φ measurements [5, 6] are not well described by the standard
Herwig and Pythia Monte Carlo showers in most of the data kinematic range (see below).
At the LHC, measurements of ∆φ distributions in multi-jet events may become accessible
relatively early. Such complex hadronic final states at LHC energies are potentially sensitive
to corrections to the collinear ordering implemented in standard parton showers [7]. In
particular, for jets of given ET the partonic momentum fraction x is reduced as the energy
increases, and angular correlations probe coherence effects in the spacelike branching [8],
associated with non-collinear radiation at x≪ 1 and not included in Herwig or Pythia.
Monte Carlo generators designed to take these effects into account are based (see e.g. [9,
10] and early studies in [11]) on transverse-momentum dependent parton distributions and
matrix elements, defined via high-energy factorization [12]. General formulations for these
distributions in initial-state showers are studied in [13].
Ref. [8] investigates the effects of corrections to collinear-ordered showers on correlations
in multi-jet final states, using the precise ep measurements [6] that have recently become
available. These measurements are characterized by large phase space available for jet pro-
duction and by small x kinematics, potentially relevant for extrapolation of initial-state
showering effects to the LHC. In Fig. 2 we report results [8] for the azimuthal ∆φ distribu-
tion in two-jet and three-jet cross sections. In Fig. 3 we give results for the Σpt and ∆pt
distributions [6, 8] measuring the transverse-momentum imbalance between the leading jets.
These results show that the shape of the distributions is different for Herwig and for
the k⊥-shower Monte Carlo Cascade [14], with the largest differences occurring at small
∆φ and small ∆pt, where the two highest ET jets are far from back to back and one has
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Figure 1: Dijet azimuthal correlations measured by D0 along with the Herwig and Pythia
results [4].
effectively three hard, well-separated jets. Ref. [8] also analyzes the angular distribution of
the third jet and finds significant contributions from regions where the transverse momenta
in the initial state shower are not ordered. The description of the measurement by the
k⊥-shower is good, whereas the collinear-based Herwig shower is not sufficient to describe
it.
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Figure 2: Azimuthal correlations [8] by the k⊥-shower Cascade and by Herwig compared
with the ep data [6]: (left) two-jet cross section; (right) three-jet cross section.
The physical picture underlying the k⊥-shower method involves both transverse momen-
tum dependent pdfs and matrix elements [7]. The angular and momentum correlations of
Figs. 2,3 are found [8, 15] to be sensitive in particular to the large-k⊥ tail in the hard matrix
elements [12]. More detailed studies of these off-shell contributions are currently under-
way, including comparisons with results of next-to-leading order (NLO) event generators,
see single-jet and di-jet distributions in Fig. 4. Here we see in particular that the dijet pt
spectrum at high pt is close for the NLO calculation and the k⊥-shower (at low pt we see
the effect of the Sudakov form factor in the shower). Ref. [8] illustrates that the collinear
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approximation to the matrix element does not describe the shape of the angular distribution
at small ∆φ. We note that the inclusion of the perturbatively computed high-k⊥ correction
distinguishes the calculation [8] of multi-jet cross sections from other shower approaches (see
e.g. [16]) that include transverse momentum dependence in the pdfs but not in the matrix
elements.
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Figure 3: Transverse momentum correlations [8] by the k⊥-showerCascade and byHerwig
compared with the 3-jet data [6]. The variables Σpt (left) and ∆pt (right) are as defined
in [6, 8].
It is worth emphasizing that the coherence effects in the angular distributions computed
above are associated with multi-gluon radiation terms to the initial-state shower that become
non-negligible at high energy (small x) and small ∆φ. These can be incorporated using the
formulation at fixed transverse momentum. Near the back-to-back region of large ∆φ [17],
corrections due to mixed Coulomb/radiative terms may also become important and affect
the basic picture: see recent studies in [18]. See also [19] for a related discussion of Coulomb
contributions. More general issues on unintegrated pdfs in parton showers are discussed
in [7, 13, 20]. Applications to semi-inclusive processes and spin asymmetries are reviewed
in [21].
Besides jet final states, the corrections to collinear-ordered showers discussed in this
article will also be relevant to heavy particle production [10, 12, 22], including phenomeno-
logical studies of small-x broadening in W and Z p⊥ distributions [23], kinematical relations
of DIS event shapes with Drell-Yan production [24], heavy flavor production. First results
on top-antitop pair production at the LHC may be found in the first paper of reference [7].
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Figure 4: Comparison of the k⊥-shower Cascade with the NLO di-jet calculation Disent:
(left) single-jet distributions; (right) di-jet distributions.
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